Lineage-specific Gfh factors from the radioresistant bacterium Deinococcus radiodurans, which bind within the secondary channel of RNA polymerase, stimulate transcriptional pausing at a wide range of pause signals (elemental, hairpin-dependent, post-translocated, backtracking-dependent, and consensus pauses) and increase intrinsic termination. Universal bacterial factor NusA, which binds near the RNA exit channel, enhances the effects of Gfh factors on termination and hairpin-dependent pausing but do not act on other pause sites. It is proposed that NusA and Gfh target different steps in the pausing pathway and may act together to regulate transcription under stress conditions. Thus, transcription factors that interact with nascent RNA in the RNA exit channel can communicate with secondary channel regulators to modulate RNA polymerase activities.
In bacteria, transcriptional pausing and termination play important functions in genetic regulation and coordination of transcription with other genetic processes, including DNA replication, repair, and RNA translation [1] [2] [3] . During transcription, the active site of RNA polymerase (RNAP) can adopt several conformations, including the post-translocated state, in which the RNA 3 0 -end is ready for nucleotide addition, and the pretranslocated state, which is formed after nucleotide addition and is followed by forward RNAP translocation. Previous studies revealed several types of pause-inducing signals, including 'elemental' [4] , consensus (consP) [5, 6] , RNA hairpin-dependent (such as hisP) [7, 8] , post-translocated [9] , and backtracking-dependent pauses [10, 11] . While the functions of some pauses are well established (synchronization of transcription with translation for hisP and, probably, consP), others may appear as an unavoidable consequence of variations in the transcribed DNA sequence. RNAP pausing is also the first step in the transcription termination pathway, and intrinsic terminators share common structural motifs with hairpindependent pause signals, which may cause similar rearrangements of the TEC during termination [12, 13] .
It was proposed that various pause-inducing signals act through a common pathway and first induce formation of the elemental pause, a defined conformational state of the transcription elongation complex (TEC) in which the RNAP active site is distorted and the RNA 3 0 -end cannot be efficiently elongated [4, 14] . Structural analysis of an elemental paused elongation complex (ePEC) of Thermus thermophilus RNAP revealed that pausing is associated with significant changes in the RNAP structure, including unfolding of the trigger loop and kinking of the bridge helix in the active site [4] . These rearrangements can explain the Abbreviations Dra, Deinococcus radiodurans; RNAP, RNA polymerase. inactivity of paused complexes in which the RNA 3 0 -end is bound in the post-translocated position, such as the elemental pause itself [4, 8] or a post-translocated pause observed on a T7A1 template (T7A1P) [9] . Depending on the type of the pause signal, the paused complex can also adopt pretranslocated (for hisP and consP) or backtracked conformations, in which the RNA 3 0 -end positions are incompatible with RNA extension. In the case of the consP pause, the pretranslocated conformation is likely favored by specific preferences of the active site to certain template and RNA nucleotides [5, 6, 15] . In the case of the hisP pause, an RNA hairpin formed in the RNA exit channel under the flap domain of RNAP induces longrange structural changes in the TEC that favor the pretranslocated state of the active site. The RNA hairpin also stabilizes the opening of the clamp domain, which is already facilitated in the elemental paused complex [3, 8, 16 ]. In the case of backtracked TECs, the reverse movement of RNAP is promoted by favorable changes in the relative strengths of DNA and RNA/ DNA duplexes during backtracking [10, 11, 17] .
Universal bacterial factor NusA stimulates RNAP pausing and intrinsic termination by binding RNAP near the RNA exit channel (in particular, through interactions between its N-terminal domain and the flap domain of RNAP) and directly interacting with the nascent RNA transcript. NusA binding was proposed to change TEC conformation, resulting in stabilization of the pretranslocated state of the RNAP active site and thus promoting pausing [16, 18, 19] . The activity of NusA greatly depends on the secondary RNA structure, with the strongest effects observed for hairpin-dependent pause signals [7, 16] . At the same time, NusA enhances the antipausing activities of several known transcription antiterminators, including the Q and N proteins of phage k (reviewed in [20] ) and p7 protein of phage Xp10 [12] .
We recently discovered that Gfh (Gre factor homolog) factors, uniquely present in the Deinococcus/Thermus lineage, can also stimulate RNAP pausing. Gfh factors bind at a quite different site of RNAP relative to NusA, within the secondary channel that also serves as a path for nucleotide entry during RNA extension and for 3 0 -RNA exit during TEC backtracking. We show here that while Gfh proteins can stimulate pausing by D. radiodurans (Dra) RNAP at all tested types of pause-inducing signals, NusA specifically enhances their effects on hairpin-dependent pausing and intrinsic termination. The results suggest that NusA and Gfh stimulate pausing through different mechanisms and cooperate to stabilize an inactive state of the TEC at a subset of regulatory DNA sites.
Materials and methods
The core enzyme and r A subunit of Dra RNAP, Gfh1 and Gfh2 factors were expressed in Escherichia coli BL21(DE3) and purified as previously described [21, 22] . The gene for Dra NusA was amplified by PCR and cloned between the NcoI and XhoI sites of pBAD/His B (Invitrogen, Carlsbad, CA, USA). E. coli cells transformed with pBAD-Dra-NusA were grown in 500 mL of the LB broth (200 rpm) in the presence of 0.1% arabinose until OD 600 = 2. The cells were disrupted by sonication and NusA, containing N-terminal His 6 -tag, was purified by Polymin P precipitation, Ni-affinity chromatography, and gel filtration (HiTrap Chelating and Superose-6 columns, GE Healthcare, Pittsburgh, PA, USA). Transcription assays were performed in buffers containing 40 mM Tris/HCl, 40 mM KCl, and 10 mM MgCl 2 or MnCl 2 . Analysis of hisP pausing on the kP R -hisP template was performed as previously described [23] . RNAP holoenzyme (300 nM) was incubated with promoter DNA (150 nM) for 5 min at 30°C to form promoter complexes. In all assays, we used saturating Gfh1 and NusA concentrations (5 lM and 2-3 lM, respectively), which were above reported K d values for their interactions with various TECs and similar to the concentrations used in other studies [8, 16, 19, 21, 24, 25] . The samples were incubated for 3 min and transcription was restarted by the addition of ATP, UTP, and CTP (200 lM each). The reactions were stopped after indicated time intervals and RNA products were analyzed by 15% denaturing PAGE. Pause efficiencies were calculated as ratios of paused RNA products to the sum of paused and readthrough RNAs, and the data were fit to the single-exponential equation: P = P max 9 exp(Àk obs 9 t), where P is the pausing efficiency, P max is the maximal pausing at zero time point, and k obs is the observed rate constant for the pause decay. The long reaction points with pause efficiencies < 10-20% were not included in calculation, because they likely correspond to inactivated TECs that are formed during the course of the reaction (Fig. S2) [16]. The pause half-life times (t 1/2 ) were calculated from the observed constants of the pause decay rates (t 1/2 = ln2/k obs ).
Transcription termination was analyzed at 37°C as previously described [21] . Stalled 20-mer TECs were obtained on the T7A1-ktR2 template by transcription with limited substrate set (25 lM ATP, CTP, and GTP). Gfh1 (5 lM) and/or NusA (1 lM) were added, followed by the addition of all four NTPs (250 lM each, with the addition of a-32 P-UTP) and heparin (10 lgÁmL
À1
) to prevent reinitiation. The reactions were stopped after 10 min and treated with chloroform, RNA was ethanol-precipitated and analyzed by 15% PAGE.
Synthetic RNA and DNA oligonucleotides used in the pausing assays (Fig. S1 ) were purchased from DNA Synthesis (Moscow, Russia). The pausing was analyzed at 30°C in TECs containing 5 0 -labeled RNAs as previously described [16, 21, 26] . The final concentrations of the TEC components were as follows: 6-20 nM RNA, 15-50 nM template DNA, 60 nM core RNAP, and 120 nM nontemplate DNA. Gfh1 and/or NusA were added to 5 lM and 2 lM, respectively, and the samples were incubated for 3-5 min before addition of NTPs. In the case of the hisP complex, antisense RNA (2 lM) was added 3 min prior to the addition of Gfh1 and NusA. For various pause types, the following NTP substrates were added: 2 lM GTP, 100 lM UTP, CTP for hisP; 100 lM GTP, UTP, CTP, 5 lM ATP for T7A1P; and 10 lM of each NTP for lacUV5P. The reactions were performed for indicated time intervals, and RNA products were analyzed by 23% PAGE. The pause efficiencies were calculated as ratios of paused RNA products to the sum of paused and read-through RNAs. The data for the elemental and hisP pauses were fitted to the single-exponential equation and the pause half-life times were calculated as described above. All data are means and standard deviations from three to five independent experiments.
Results and Discussion
We tested the effects of Dra Gfh1 (which has stronger effects on transcription than Gfh2, [21] ) and NusA factors on different types of transcriptional pauses including ( ; and (d) backtracking-dependent pause that constitutes a part of r-dependent pause signal found in the initially transcribed region of the lacUV5 promoter (lacUV5P) [26] [27] [28] . We first analyzed the hisP pause, which can be stimulated by NusA in the case of E. coli RNAP [7] and is highly sensitive to Gfh factors in the case of Dra RNAP [21] . As the activity of Dra Gfh factors was shown to be dependent on the presence of manganese ions [21] , which are greatly accumulated in Dra cells under stress conditions [29] , the reactions were performed in the presence of either Mg 2+ or Mn 2+ ions. The DNA template contained the hisP sequence fused to the kP R promoter, resulting in pausing at position +77 (Fig. S1 ). In agreement with published data , Dra NusA stimulated hisP pausing~7-fold but, somewhat surprisingly, had only minor effect on pausing in the presence of Mn 2+ (~2-fold stimulation). When NusA was added together with Gfh1 in Mg 2+ reactions, it had the same effect on hisP pausing as in the absence of Gfh1, consistently with the inactivity of Gfh under these conditions. However, the combination of Gfh1 and NusA strongly increased the hisP pause half-life in Mn 2+ reactions (~14-fold). Gfh1 and NusA factors also stimulated other pauses present in these template, resulting in later arrival of RNAP to the pause site during the course of the reaction (Fig. 1) .
To test the role of the RNA hairpin in pause stimulation by Gfh1 and NusA, we performed similar analysis using reconstituted TEC assembled from the core enzyme of Dra RNAP and synthetic DNA and RNA oligonucleotides corresponding to the hisP site. Previous studies demonstrated that in the absence of the RNA hairpin, this TEC corresponds to the elemental paused complex [4, 8] . Furthermore, the RNA hairpin formation in such complex can be mimicked by the addition of a short antisense RNA oligonucleotide (asRNA) complementary to the nascent RNA [16] . In the presence of asRNA, this complex recapitulates the properties of the wild-type hisP pause, including its sensitivity to the NusA protein. Indeed, the pause-stimulatory activity of NusA was shown to depend on the RNA stem and not require the presence of an RNA loop [16, 19] .
The RNA 3 0 -end in the synthetic TEC was positioned two nucleotides upstream of the pause site (Fig. S1) , and the pausing was analyzed after addition of a limited NTP set resulting in synthesis of paused and read-through transcripts (Fig. S2) . It was found that in the presence of asRNA, the effects of Gfh1, NusA, and metal ions on pausing in the synthetic TEC were quantitatively similar to the wild-type hisP site. In particular, NusA similarly stimulated pausing (~4-fold) in Mg 2+ reactions independent of the Gfh1 presence. Gfh1 increased pausing in Mn 2+ reactions 7-fold, and its activity was further enhanced by NusA (15-fold pause stimulation) ( Fig. S2 and Table 1 , "hisP(+asRNA)" reactions). In contrast, NusA had no effect on pausing in the elemental paused complex and did not enhance the action of Gfh1 in this complex (Table 1 , "hisP(ÀasRNA)" reactions).
We next analyzed the effects of Dra Gfh1 and NusA on other types of hairpin-independent pause signals. In contrast to hisP, it was shown that the T7A1P paused complex can adopt the post-translocated conformation and even bind the next incoming NTP but cannot efficiently add it to the RNA 3 0 -end [9]. We found that Dra RNAP could recognize the T7A1P pause site, resulting in the appearance of the 19-nucleotide paused product (Fig. 2) . In addition, we detected even stronger pausing three nucleotides further downstream (22-nucleotide paused RNA); previously, pausing at this position was also observed with E. coli and T. thermophilus RNAPs [9] . Both the 19-nucleotide and 22-nucleotide pauses were suppressed in the presence of Mn 2+ ions, in agreement with published data [9]. Gfh1 did not affect pausing in the presence of Mg 2+ but significantly stimulated it in the presence of Mn 2+ (Fig. 2) . NusA had no effect on pausing in the presence of either Mg 2+ or Mn 2+ and did not increase the effects of Gfh1.
RNAP backtracking is one of major pausing pathways and the first step in transcriptional proofreading, which requires internal cleavage of the RNA 3 0 -end in the RNAP active site [2, [30] [31] [32] . Some DNA sequences can greatly increase the incidence of backtracking, resulting in RNAP pausing or permanent transcription arrest [10, 11, 17] . In particular, backtrack-inducing sequences were shown to contribute to r-dependent pausing, by determining the extent of RNA synthesis after recognition of a promoter-like motif by the r subunit and provoking RNAP backtracking to the relaxed paused state [26, 33] . As we showed previously, a variant of the lacUV5 backtrack-inducing sequence (lacUV5P, Fig. S1 ) can induce pausing by RNAPs from different bacteria even in the absence of the r subunit, and the paused complexes are sensitive to Gre factors that induce RNA cleavage by RNAP [26, 34] . We therefore used this site to test the effects of Dra Gfh1 and NusA on backtracking-dependent Dra RNAP pausing. The experiments were performed in the presence of Mn 2+ ions. We found that Dra RNAP indeed paused at the expected template position (~15% pausing efficiency at the 30″ time point in the presence of 10 lM NTPs) (Fig. 3) . Gfh1 significantly stimulated pausing (up to~55%), while NusA had no effect on pausing when added together with Gfh1 (Fig. 3) . As our previous study suggested that Gfh factors do not act on backtracked TECs (in particular, they cannot compete with GreA in such complexes) [21] , Gfh1 probably stimulates the initial step of pausing preceding RNAP backtracking [35] .
Finally, we tested the effects of NusA and Gfh factors on intrinsic termination, using a DNA template containing the T7A1 promoter fused to the ktR2 terminator (Fig. 4) . In agreement with previously published data [21] , neither Gfh1 nor Gfh2 affected termination in the presence of Mg 2+ . Substitution of Mn 2+ for Mg 2+ decreased termination by Dra RNAP but made it sensitive to the action of Gfh factors, which partially restored the termination efficiency. When NusA was added together with Gfh factors, it further increased the termination efficiency in the presence of Mn 2+ to about the same level as observed in Mg 2+ reactions (Fig. 4) . On the whole, our data demonstrate that Gfh factors act on a variety of paused transcription complexes, including elemental, hairpin-dependent, posttranslocated, backtracking-dependent, and consensus [21] pauses, which significantly differ in their structures and translocation registers of the RNAP active site. At the same time, Dra Gfh factors have little effect on the rate of nucleotide addition in nonpaused catalytically active TECs [21] . Previous studies suggested that Gfh factors recognize and stabilize a specific ratcheted conformation of RNAP [21, 36, 37] 40] , and Xanthomonas oryzae [12] . We demonstrated that Dra NusA also stimulates hairpin-dependent pausing and intrinsic termination by Dra RNAP. The function of both regulatory sites depends on the formation of RNA hairpins under the flap domain of RNAP, which constitutes a part of the NusA-binding site. It was therefore proposed that NusA may stabilize the RNA secondary structure and/or promote hairpin-dependent conformational changes in the TEC [16, 18, 19] , which might be similar for hisP pausing and termination. We showed that Dra NusA has no significant effect on the longevity of elemental, T7A1P or lacUV5P paused complexes, which all do not contain RNA hairpins. It is therefore likely that formation of these complexes does not require long-range TEC rearrangements that depend on the flap domain of RNAP and its interactions with nascent RNA and NusA. At the same time, the RNA length in the analyzed synthetic TECs might be insufficient for extensive NusA-RNA interactions, which involve the C-terminal part of NusA [19] , and it cannot be excluded that NusA might still somehow affect recognition of these pause signals in the presence of long nascent RNA.
We found that Dra NusA enhances the effects of Gfh factors on hairpin-dependent pausing and termination. Thus, strong pause stimulation requires a combination of changes imposed on the TEC by both factors, suggesting that they act through different pathways rather than different steps in the same pathway. In particular, Gfh factors likely stabilize the ratcheted RNAP conformation [36, 37] and induce binding of an additional Mn 2+ ion in the RNAP active site [21] , while NusA might affect the translocation state of the TEC [18] . Interestingly, Mn 2+ ions decrease NusA effects on the hisP pause, while simultaneously stimulating Gfh1 action, suggesting that they may somehow change TEC conformation during pausing. Importantly, the Gfh1 activity is significantly enhanced in the presence of RNA hairpins (this work and [21] ) suggesting that RNA folding is not compromised under these conditions. As intracellular Mn 2+ concentration in Dra [29] and expression of both Gfh1 (DR1970) and NusA (DR1797) [41] are increased after irradiation, both factors may contribute to stress resistance of Dra in vivo, by promoting RNAP stalling at specific pause and termination sites. In particular, as Mn 2+ ions decrease the longevity of certain types of transcriptional pauses and the efficiency of intrinsic termination, Gfh factors and NusA may act together to maintain the required level of pausing and termination under stress conditions. Overall, our results demonstrate that transcription factors that interact with nascent RNA and the RNA exit channel of RNAP can communicate with secondary channel regulators to modulate the RNAP activity.
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